I
n the 1930s physicists were confronted by two conflicting values for the charge of the electron as measured with great precision by two different methods. Could it be that there are two kinds of (negative) electrons, differing in charge by a fraction of a percent? The experiments were reconciled when a small systematic error in one of the experiments was identified and taken into account using elementary methods. This is physics at its best.
Let's go back to 1933, when I was beginning graduate work in physics at the University of Chicago. The neutron and the positron had been discovered in 1932. The new quantum mechanics was only eight years old, the fission of uranium had not yet been discovered, and nuclear physics was just ready to take off. Only five of the major independent fundamental constants had been directly measured to within about ± 0.1%. They included the speed of light c, the Faraday F, the charge of the electron e, the ratio of the electron's charge to mass e/m, and the ratio of Planck's constant to the charge of the electron h/e. Avogadro's number N A was notoriously difficult to measure. In 1909, Perrin 1 published a summary of 14 different ways of determining it. Rayleigh estimated a value from a study of the blue sky. Perrin himself used a static measurement of the variation with height of the distribution of small particles suspended in a liquid, and he later obtained a value for N A by applying Einstein's theoretical study of the Brownian motion of measurable particles in a liquid. However, a very useful equation involving N A follows directly from the definitions of the quantities involved. In the electrolysis of a monovalent substance, the Faraday F is the total charge necessary to deposit N A ions, each with charge e. Therefore
The Faraday was precisely known from electrolysis experiments, so Eq. (1) gives N A when e is known or it gives e when N A is known. The precision of the value of N A found in this way was, of course, the same as that of e. The search for precision of the fundamental constants was motivated by a desire for consistency. A number of secondary constants, known with high precision, are in theory combinations of the fundamental constants, each with its measured known precision. For example, the spectroscopic Rydberg constant R (for an atom with a nucleus of infinite mass) had been measured to better than 1 part per million. In the cgs system used at that time, the Bohr theory of the hydrogen atom gives R = 2π 2 me 4 /h 3 c =2π 2 e 2 / [c(h/ e) 3 (e/m)]. Similarly, theory showed that the spectroscopic fine structure constant a is given by a = e 2 /hc = e/[c(h/e)]. These same relationships are also given by quantum mechanics. The question is whether the measured values of e, c, e/m, and h/e, with their limits of error, combine to give the measured values of R and a, and other constants. Such questions were addressed by R.T. Birge 2 in a 1929 paper that was on page 1 of volume 1 of the newly established journal later renamed as Reviews of Modern Physics.
In the early 1930s, the charge of the electron had been measured by two completely different high-precision methods, and the results differed by about six standard deviations-solid evidence that (1) there was an unknown systematic error in one of the experiments or (2) there were two kinds of electrons having slightly different charges. It turned out that one of the experiments did indeed overlook a small systematic error, so alternative (2), which would have been world-shaking, never came to pass. We will discuss these two experiments in sufficient detail to understand the nature of this error. The first of these was Robert A. Millikan's ( Fig. 1) 1917 oil-drop experiment, begun in 1909, in which he measured the charges of the free electrons that hopped on and off a tiny oil drop rising in an electric field and falling under the action of gravity when the field is turned off. The second experiment was J.A. Bearden's ( Fig. 2 ) measurements of x-ray wavelengths using a ruled grating, published during the period 1928-1935. The value of e derived from these measurements differed significantly from the oil-drop value.
Measurement of e -The Oil-Drop Experiment
Robert A. Millikan's benchmark experiment was begun in 1909, and his final report was made on pages 55-122 of his book 3 The Electron, published in 1917. A detailed study of Millikan's book is well worthwhile. A useful treatment of the Millikan experiment is given in John D. McGervey's book 4 Introduction to Modern Physics, and elsewhere.
Oil drops were sprayed into the space between two horizontal plates separated by a distance D. The applied electric field was derived from a bank of electric cells giving a voltage V. The drops, of radius several microns, appeared as bright points of light in the field of view of a measuring telescope. Some drops became charged by friction as they sped through the atomizer. By judiciously turning the field on and off, a single charged drop could be kept in view as it repeatedly traversed the distance between the cross hairs of the telescope.
To change the amount of charge on the drop, a brief flash of x rays from an external x-ray tube, or an exposure to radium, could produce positive and negative ions in the air. A drop could receive or give up one or more electric charges by colliding with a charged ion. The aim of the experiment was to determine the charges on individual drops, and to study how the charge on a drop changes.
For each drop two velocities were measured: v g downward when the drop was in "free" fall and v f upward when the drop was pulled upward by the electric field. It is easy to use these velocities to deduce the balancing voltage V 0 for which the field V 0 /D would have held the drop stationary.
Consider a stationary drop that starts to fall. As it picks up speed, the upward force of air resistance (the drag) increases until the drag equals the weight. This process takes only a very small fraction of a second. The drop is its own parachute, and its downward velocity remains constant at a measured terminal velocity. Stokes' law 5 implies that the terminal falling velocity of a spherical drop of radius a and density r is inversely proportional to the coefficient of viscosity of air h and is directly proportional to r and to a 2 , the square of the radius. The weight of a drop can then be calculated from its radius and the density of oil.
Finally, knowing the weight, Millikan could calculate the charge q on the drop from the balancing voltage:
To summarize: The radius, and thus the mass, of the drop are found from the falling terminal velocity and the coefficient of viscosity of air. The charge is then found from the balancing voltage. Millikan studied the way in which the charge q on a single drop changes upon contact with an ion. While holding the electric field constant, he measured the rising velocity v 1 with charge q 1 and then measured a new rising velocity v 2 of the same drop with a new 
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where K is a constant whose value need not be known. Unexpectedly, Millikan found that for any given drop the observed velocity changed in discrete steps, showing that the charge transfer (q 2 -q 1 ) was always a small multiple of some basic charge. He wrote: "Although we had entered upon the investigation with the expectation of proving the existence of valency in gaseous ionization, we had instead obtained direct, unmistakable evidence that the act of ionization of air ... consists ... in the detachment from a neutral molecule of one single elementary charge" (emphasis in the original). 6 Note that in 1917 the term "electron" was used as a unit of elementary charge not yet identified with the "corpuscle"of J.J. Thomson's deflection experiments.
With the electric field held constant, Millikan could keep a drop in the field of view for as long as four or five hours while increasing and decreasing the charge by one or two electrons at a time, up to a total charge of more than 100 electrons. A drop with a charge of just one electron had the largest time of rise; the nextto-longest time for the same drop would be exactly half as long, indicating two electrons, and so on. Regardless of its charge, the drop maintained essentially the same time of fall under gravity. Millikan wrote: "Drops containing every possible number of electrons have been observed and the number of electrons that each drop carried has been accurately counted by the method described. When the number is less than 50 there is not a whit more uncertainty about this count than there is in counting one's own fingers and toes." 7 These observations mark the discovery of quantization of charge-in my opinion a more important discovery than the precise measurement of the value of e.
Millikan carefully considered the coefficient of viscosity of air h as a possible source of systematic error. In his book he gives a table of values from five different investigators using five different methods. He then had his former student E.L. Harrington 8 improve still further the rotating cylinder apparatus of another former student L. Gilchrist. Millikan concluded that at 23 o C the value of h is 0.00018226 cgs units and "the error can scarcely be more than one part in 2000." This 0.05% becomes 0.07% in e since h is raised to the 3/2 power in the working equation for e. The cross-hair separation also appears (through the velocities) raised to the 3/2 power and is also estimated to be ± 0.07%. These two unrelated errors combine quadratically as (0.07 2 + 0.07 2 ) 1/2 = 0.1%. Other errors were considered to be negligible. Thus, finally, in 1917 Millikan's oil-drop experiment yielded a value e = (1.592 ± 0.002) 3 10 -19 coulomb (0.1 %). In his book Millikan refers to the quantity following a ± sign as the "maximum possible uncertainty."
Measurement of e -Ruled Grating Method
Now we describe Bearden's measurements of x-ray wavelengths, which led to a precise value of Avogadro's number and therefore to a new value for the electron charge.
In the late 1920s physicists were concerned about the true lattice spacing (grating space) of the cleavage planes of a calcite crystal, widely used in precise studies of x-ray wavelengths. They were looking for "absolute x-ray wavelengths" that did not depend on the 1917 oil-drop value of e. This activity resulted in a new determination of e by a method entirely different from the oil-drop method.
The basic equation for Bragg diffraction of x rays by a crystal is
where q is the incident glancing angle relative to the surface at which x rays of wavelength l are diffracted in the nth order by a crystal having a lattice spacing d. Using a calcite crystal, the Bragg angle q for diffraction of the Ka 1 line of copper in the first order had been measured prior to 1930 with great precision (in air) to be 14 o 42 50 ± 1, essentially error-free. The lattice constant, of the order of 3 Å (0.3 nm), had to be calculated from the molecular weight and density of calcite, Avogadro's number, and the known arrangement of atoms within the unit cell. The wavelengths calculated from Eq. (3) were not absolute since the value of N A , and hence the value of d, depended on the oil-drop value of e.
As precision x-ray techniques developed in the 1920s, x-ray wavelengths and crystal lattice spacings could be measured by means that did not depend on the charge of the electron. The newer x-ray measurements described below could then be combined to give a new value of N A and hence a new value of the charge of the electron. This value of e was significantly larger than the oil-drop value.
In 1928, J.A. Bearden at the University of Chicago published a paper "On the Wavelength of the K Lines of Copper Using a Ruled Grating." This was his doctoral thesis in which he expressed appreciation to Professor Compton for his interest and cooperation in the work. His work was based on the pioneer work of Arthur H. Compton and Richard L. Doan, who in 1925 published the first account of x-ray diffraction by a ruled grating. 9 In 1929 Bearden went to Johns Hopkins University, 10 where he published a series of papers on the subject, culminating in his definitive 1935 paper titled "The Measurement of X-Ray Wavelengths by Large Ruled Gratings." 11 In this work he placed the ruled grating between the crystals of a double-crystal spectrometer to obtain a narrow beam. This arrangement also allowed a large fraction of the number of rulings on the grating to be used. Exact values of the ruled-grating constants were measured simply by counting the number of rulings in a measured distance.
The experiment depends on the total reflection in air of a beam of x rays that is almost parallel to the ruled glass surface. We know that total reflection at an interface occurs in the optically denser medium if the angle of incidence is greater than the critical angle, for example inside the glass of a 45 o prism. Another example, familiar to a driver on a warm day, is the pool-of-water mirage. We have all seen the shimmering reflection of sky light by a distant patch of hot pavement where cooler air is above a layer of warm air next to the pavement. The index of refraction m of cool air is slightly greater than that of warm air, so the relative index m rel is slightly greater than 1. For total reflection the glancing angle in cool air must be less than arccos (1/m rel ), nearly 0 o measured from the pavement surface. The effect is observable only at some distance ahead of the car where the glancing angle is suitably small. Similarly, at x-ray frequencies air (m < 1.000000) is optically slightly "more dense" than glass (m < 0.9999912), and total reflection in air is possible for grazing rays at glancing angles less than the critical glancing angle. In practice, a narrow beam of x rays in air strikes the ruled grating at a very small glancing angle q ranging from about 7 to 26. An ionization chamber is used to detect the reflected beam at q and the first-order diffracted ray at a glancing angle (q + a), very slightly larger than the angle of reflection. As in any diffraction experiment, the wavelength l g could be calculated from the angles of diffraction and the grating space. Bearden's average of 12 independent measurements of l g , six with one grating and six with another, was (1.54053 ± 0.00025) Å (0.016%). This "grating" value l g was 0.248% greater than the previous standard "crystal" value l c .
The "Grating" Value of e
Now that he had a wavelength independent of e, Bearden could use Bragg's law to get a value of the crystal lattice spacing d that is independent of e. He could then calculate Avogadro's number and use F = N A e to obtain the value of e.
Since the volume of the unit cell varies as third power of the crystal lattice spacing, this 0.0016% uncertainty in l (and d) translates into about 0.005% in N A and in e. Bearden evidently conservatively doubled this uncertainty to allow for possible systematic uncertainties in other constants. Here are Bearden's published value for e and, for comparison, Millikan's oil-drop value.
Ruled grating:
Oil drop: e = (1.592 ± 0.002) 3 10 -19 C (0.1%)
The discrepancy is about (0.01 3 10 -19 ) C or 0.6%, which is about six times the greatest individual stated e = (1.6023 ± 0.0002) 3 10 -19 C (0.01%) 
Reconciliation of the Two Values of e
It happened that my graduate study at The University of Chicago coincided with the few years that saw the height of interest in the problem of the two values of e. There was considerable informal discussion about the conflicting values of e. It was not out of the question that there were two kinds of electrons-bound and unbound. Millikan's oil drops received free electrons that were loosely bound to colliding charged drops, whereas the electrons in a crystal such as calcite might be more firmly bound in some way that affects their charge ever so slightly. This was not so far-fetched. For another constant, bound and free electrons had been proposed to account for similar discrepancies in the measurement of e/m. The electron beams of J.J. Thomson were free electrons; but e/m for bound electrons could also be derived from several spectrographic phenomena, including the Zeeman effect involving the influence of magnetic fields on the bound orbital electrons of the Bohr theory. (Quantum mechanics gave the same equations.) Suffice it to say that the discrepancy was resolved with the publication by Frank Dunnington of his 1937 definitive measurement of e/m by a deflection method. 12 There were no remaining unexplained discrepancies in e/m.
The simple theory of the ruled grating as applied to x rays was subjected to scrutiny by a number of theoreticians between 1928 and 1933 who uncovered several corrections, all of which were too minor to be observable. For his doctoral thesis published in 1936, Luis W. Alvarez 13 made an experimental test of the grating law for visible light using a coarse metal grating at grazing incidence in a spectrograph similar to that used in the x-ray case. He wrote, "The grating was ruled on a seasoned surface plate casting, which was later polished flat to within less than one wavelength. The grooves were milled accurately, by setting a microscope on a standard scale carried on the milling machine carriage. The width of the grooves was one-half the grating space." He scaled up both the grating space and the wavelength by a factor of several thousand, and he confirmed several applicable small corrections, predicted by theoreticians, which were too small to be observed in the x-ray region. He measured the wavelength of the Hg blue line to be 4358.7 ± 0.8 Å (435.87 nm), in agreement with the accepted value 4358.3 Å (435.83 nm). Alvarez wrote "this agreement upholds the view that the diffraction law is valid at grazing incidence."
The Viscosity of Air It turned out that there was an unrecognized systematic error in the oil-drop experiment. The adopted value of the coefficient of viscosity of air (h) was too low. A larger viscosity would have led to a larger drop radius, requiring a larger charge to balance the larger weight. Millikan's working equation showed that the measured e is proportional to h 3/2 .
How could Millikan have made this error? He was quite aware of the crucial importance of the value of h. Experiments on the coefficient of viscosity of air were carried out in Millikan's laboratory at the University of Chicago by L. Gilchrist in 1913 using the rotating cylinder method, which Millikan considered the best. Moreover, in 1916 another post-doc, E.L. Harrington, 8 had worked in Millikan's laboratory to still further improve Gilchrist's apparatus. Of Harrington's value for h, Millikan wrote in The Electron: "I give to it alone greater weight than all the other work of the past fifty years in this field taken together." 14 High praise indeed! Yet there was an unsuspected systematic error.
The coefficient of viscosity h was measured using a torsion device. A hollow metal cylinder suspended by a thin wire is surrounded by a loosely fitting concentric cylinder that is slowly rotated at a known speed. The air between the cylinders exerts a drag on the hanging cylinder, which assumes a steady deflected position at an angle j. If the torsion constant k of the wire is known, then by measuring the deflection, the drag force and therefore the viscosity of air can be calculated. Note that the outer cylinder turns at only about one revolution per minute to avoid the possibility of turbulent air flow between the cylinders. The measured drag is so small that the suspending wire must be very thin, of the order of 0.1 mm in diameter, to give a precisely measurable deflection angle j.
The torsion constant of the wire was determined in a separate experiment in which the hanging cylinder oscillates as a torsion pendulum. As studied in many elementary physics laboratories, the period T of such a pendulum is given by T = 2π (I /k) ½ , where I is its moment of inertia and k is the torsion constant. To find both k and I cylinder , we need two equations. The period T cylinder of the cylinder is measured. Another run is made with an accurately machined metal ring laid on top of the unknown cylinder. The ring's moment of inertia is known; call it I ring . The new period T cylinder+ring is measured. We have two equations, which are solved for I and k. This measured value of k is used in conjunction with the angular deflection of the cylinder to find the drag force and hence the viscosity of air. Harrington's value, used by Millikan, was h = (1.8226 ± 0.001) 3 10 -4 poise at 23 o C.
Harrington and of course Millikan, who oversaw Harrington's work, missed one small correction. It was assumed that the same wire was used in the two oscillations. NOT TRUE-the added weight of the calibrating ring stretched the wire a tiny amount, also reducing the wire's radius and slightly changing the metal's modulus of rigidity. 15 Since the torsion constant of a wire is proportional to the fourth power of its radius, the effect was all the more significant. The measured viscosity of air was lower than the true value. The "true" value of h needed to give the "high" value of e would only have to be increased to (1.8312 ± 0.001) 3 10 -4 cgs units (poise) at 23 o C. The latest and best measurements of h in 1936 agreed with this value.
This whole chain of events unfolded gradually. There was no moment of truth in which a single physicist announced a crucial experiment. Bearden himself wrote 16 in 1931 that his value of e "appears to be entirely too high" and suggested that "this may be interpreted as a support of the theory of mosaic structure of crystals." Also in 1931 Bearden wrote, 16 "Such a great difference [0.25%] must be due to a failure of the ruled grating diffraction equation to be valid in the x-ray region." (This was before the experiment of Alvarez, which addressed this possibility.) It was K. Shiba 17 who in 1932 first proposed that Millikan had used a somewhat low value of the coefficient of viscosity of air. In 1935, Arthur H. Compton and Samuel K. Allison published their monumental book X-Rays in Theory and Experiment, 18 in which the full theory of the ruled-grating determination of e is discussed on pages 690-704. Although Shiba's high value of h is mentioned, Compton and Allison stated: "At the present time, however, there does not exist a sufficiently large group of physicists favorable to either value of e to warrant a definite decision between them." A year later, in 1936, Gunnar Kellström at Uppsala published his careful measurement of h by the rotating cylinder method. 19 He modified the method and the apparatus so that the tension in the suspension wire was the same for all measurements. He reported the result of 54 runs made with 11 different suspensions of various materials and diameters and came up with a value of h, which was just high enough to give an oil-drop value of e consistent with the ruled-grating value. It turned out that there was indeed only one kind of electron.
Case closed. For the record, the current value given in the 2002 NIST list of fundamental constants is e = (1.60217653 ± 0.00000014) 310 -19 C, which is in accord with Bearden's 1935 value.
Being a graduate student in physics at Chicago in the mid-'30s was a memorable experience. The atmosphere was congenial and we knew our professors in and out of the classroom and laboratory. I recall that from time to time Richard Doan and I went to the Compton home where Mrs. Betty Compton gave us a Sunday evening brunch and we (Compton, Doan, and I) as a trio played familiar tunes on mandolin, guitar, and piano for our own enjoyment. Arthur Compton was an excellent tennis player and trounced me regularly. Luis Alvarez was a year ahead of me in his doctoral work. I knew him well as a fellow member of Gamma Alpha, a graduate scientific fraternity that had a rather spartan house near the campus where we coped with the Depression. Luis had a Chrysler Runabout with a rumble seat, which was useful for double dates. I followed his ruled-grating experiment and vividly recall the metal grating that he machined for himself with a grating space of several millimeters. As a graduate student, I helped Compton and Allison read proof on their landmark book 18 just then being completed. I remember "SKA" (my thesis advisor Samuel K. Allison) saying, in about 1935, words to the effect that "Bearden was the first person to measure the charge of the electron correctly, and he didn't know it." It was Allison's teaching style and love of teaching that turned me in that direction. Truly, I learned more than physics at Chicago.
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